Several different theories have recently been presented in relation to the adsorption of nutrition by plants. All these theories have one point in common viz, that no one theory has been able simultaneously to explain the uptake of cations and anions. Indeed, it is probably a generally accepted contention that the cation and anion uptakes occur entirely independently of each other, by means of completely different mechanisms. The following considerations will be restricted to dealing with the cation uptake of plants only.
According to present notions, the roots obtain their cations from the surfaces of soil particles with the aid of carbonic acid. The roots are assumed to secrete carbon dioxide, which forms carbonic acid on its solution in water. The carbonic acid molecules subsequently travel into the immediate vicinity of the soil particles, where the hydrogen ions dissociated by the carbonic acid are exchanged against the cations in the soil particles. The base bicarbonate thenreturns into the immediate vicinity of the roots, where it is retained in the root as such, i.e., as a pair of ions, e.g. K + -|-HC0.,~, or in such a manner that a hydrogen ion secreted by the root is exchanged against the base ion of the bicarbonate. The latter of the two lastmentioned alternatives is considered more likely.
Differing with the general opinion described abore, Jenny and Overstreet (2) have presented a theory according to which the cation exchange takes place between roots and soil particles in immediate contact with each other, i.e. without any participation in the reaction of the electrolytes in the soil solution.
Among the numerous investigations relating to the cation uptake of the roots, which have greatly contributed to the advance of knowledge in this field, should also be mentioned the investigations of Lundegärdh and Mattson, which are closely associated with the subject matter of the present investigation. According to Lundegärdh (7) , an electrical potential difference exists between the roots and the soil particles and in his opinion it controls the cation uptake of the roots. Under laboratory conditions he has even succeeded in measuring this potential difference. Mattson and Karlsson (9) , again, have paid attention to the acid character of the roots, upon which the cation uptake of the roots is based in their opinion.
In the investigations concerning the nutrition uptake of plants, exchange capacities of the roots and the nutrient quantities adsorbed by the roots from various substrates have been determined, whereas no attention seems to have been paid in the literature to the base equilibrium prevailing between the roots and the soil particles. If it is postulated that the roots adsorb bases according to the principle of cation exchange, then one may assume that it is the base equilibrium which determines the cation uptake of the roots. The base equilibrium in turn is determined, except by the adsorbed bases, also in accordance with the quantity of exchangeable hydrogen ions. However, it has to be admitted that the study of the said equilibrium relations may cause considerable difficulties in actual practice. One should keep in mind that the cation exchange occurs between the soil particles and the outermost cell layer of the roots. For obvious reasons it is fairly difficult, if not impossible, to isolate the outermost cell layer, or rather its cellulose membrane coming into contact with the soil, which has a thickness varying between 0.1 and 3.0 fx according to Lundegärdh (7) . The investigation might also be made so as to deal with the roots in their entirety, assuming only their outermost wall to be involved in the reactions as has been done, for instance, in the determination of the exchange capacities of the roots. In that way one might perhaps achieve qualitative though hardly any quantitative results, since the activities of the investigated colloids as calculated per unit weight would not be mutually comparable.
The objective of the present investigation is to attempt a determination of the equilibrium relations between the plant roots in contact with the soil and the colloids in the soil, and by this approach to throw some light upon the nutrient adsorption of the plants. Sphagnum mosses were chosen as the material of investigation. This was done because their cells are comparatively little specialized to serve different purposes. It is well-known that Sphagnum mosses take their nutrition from the soil by means of their leaves which have the thickness of only one cell layer, the mass of their leaves frequently constituting the main part of the entire plant's mass. Moreover, they possess an exceptionally high exchange capacity (11) and grow on a substrate with an exchange capacity of the same order of magnitude as that of the moss (12) . Of course, even this approach cannot be expected to lead to quantitative results in regard to the cation exchange capacity, nevertheless satisfactory results may be reached in so far that they can serve as a basis for inferences with regard to the nutrition adsorption of Sphagnum mosses.
Since the Sphagnum mosses, which mainly belong to the plant communities of bogs, are not plants generally known, a short description is given in the follonwing of their anatomic structure (6) . This has been done because the peculiar anatomic structure of these plants forms the foundation for the theory of the working hypothesis presented in this investigation.
The structure of the Sphagnum moss can be seen in Fig. 1 . The most essential parts of the plant are its stem and leaves. In the stem (Fig. 2 ) three different kinds of cellular tissue are distinguished; pith, wood, and bark. The vascular bundle lacking in the Sphagnum mosses is replaced by the pith tissue, which is assumed to act both as a nutrient transport medium and as a storage place of reserve nutri- (11) . The corresponding figures for the roots of higher plants derived from a fairly extensive material varied between 9.0-58.9 me/100 g (1) .
Theoretical
In order to solve the problem which has been set as the aim of this investigation, it would obviously be most appropriate to study only those parts of the moss and of the peat that come into contact with each other. In actual practice, however, it would have been impossible to isolate the material of investigation in this manner, nor is this actually necessary. Reference has already been made to the fact that the parts of the moss coming into contact with the peat have an anatomic structure exactly similar to that of its higher parts. There is no reason to presume that also the colloidal properties of the moss might not be the same in its various parts. Local variations may occur but on an average the moss is similar in character at any given point. The effect of the local variations can be minimized by taking a sample of adequate size. The reactions occurring at the boundary surfaces between moss and peat, again, tend to achieve equilibrium in the other parts of the system as well. The system as a whole thus tends to attain a certain state of equilibrium. There is consequently no reason to expect any great margin of error if, instead of the membranes on the boundary surfaces, both participants in the system, i.e., the peat and the moss, are studied in their entirety. It Cation exchange can be thought as taking place without any noteworthy energy changes although energy changes are associated with this phenomenon. When higher plants take nutrients from the soil with the aid of their roots, the required energy is believed to be derived from a combustion process. This, again, presupposes the presence of oxygen. Several mosses grow in peat where the presence of oxygen is limited to a very thin surface layer (8) . Being plants without vascular bundle, the mosses have difficulties in obtaining oxygen even within the scope of their own system. The fact remains that the transfer of cations from the peat into the moss requires energy, which it is difficult on the basis of the foregoing to explain as being derived from a combustion process in which molecular oxygen is involved.
Mention has already been made of the acidoids in the peat and of the hydrogen ions dissociated by them, which probably originate mainly from carboxyl groups. These active hydrogen ions impart a certain electrical charge to the moss, the amount being determined by the activity of the hydrogen ions. The peat, too, contains dissociated hydrogen ions, which for their part give the peat a certain charge. If the electrical charges in the moss and in the peat are unequal, a certain electrical potential difference is produced at the boundary surface, its magnitude being dependent on the activities of the hydrogen ions in the moss and in the peat. Thus, in order that the moss should be able to take cations from the peat, the activity of its hydrogen ions should be higher than the corresponding activity in the peat. In the peat the activity of the hydrogen ions is determined by its exchange capacity and by the quantity of base cations retained in exchangeable form. This also applies to Sphagnum mosses. However, new acidoids are continuously being formed in their points of growth, and these acidoids can be taken to be saturated with hydrogen ions in theirstage of nascence. According to what has been said before, there will then obtain a potential difference between the point of growth and the parts below this point. The potential difference consequently forces base cations to move from older parts of the moss plant to its younger parts. Sooner or later this transfer of base cations to the point of growth also manifests itself as a potential difference on the boundary surface between moss and peat. This, in turn, effects a transfer of bases from the peat into the moss. Since new acidoids saturated with hydrogen ions are continuously formed in the points of growth, this will produce a continuous, although slow, flow of bases from the peat to the points of growth of the moss. In higher plants the nutrients are assumed to travel with the waterin the vascular bundles towards the higher parts of the plant. According to the considerations here presented, it is not necessary to assume such a free movement of the bases in Sphagnum mosses inasmuch as their transport inside the plant can also be tought as taking place according to the principle of cation exchange in the direction of the potential difference and at a velocity determined by this potential difference.
Methods
In order to be able to study the validity in practice of the working hypothesis presented above, one should be able to determine the hydrogen ion concentrations in the moss as well as in the peat. The most direct approach to the objective would of course be immediate measurement of the potential difference. In this investigation, however, it was decided to choose the analytical way, as it was desired to study the phenomenon from the viewpoint of cation exchange. It can be assumed that it is possible to establish the potential difference existing between the moss and the peat in its principal features even by this approach, employing Nernst's formula, which has been referred to in the foregoing.
The activities appearing as arguments in Nernst's formula cannot be determined analytically. However, since only comparatively dilute solutions are concerned, the concentrations can be considered sufficiently accurate approximations of the activities. The acidoids of the peat and of the moss being weak acids, the quantity of active hydrogen ions in them is a function of their pH. Therefore, the hydrogen ion concentrations have been determined from titration curves in this investigation; the curves were obtained by titration of the samples in question in a 1-n BaCl 2 solution with 0.1-n NaOH.
In comparing the titration curves of moss and peat, it is possible immediately to see the quantity of exchangeable hydrogen ions in both at the respective pH of the peat, which prevailed at the time of sampling.
The base content of the soil can be determined by the same method. If the bases are removed from the samples prior to titration, e.g. by means of washing with hydrochloric acid, the titration curve will reveal the highest possible hydrogen ion concentration, or the exchange capacity at a given pH. By comparing with each other, in one and the same reaction, the exchange capacity, i.e., the highest possible hydrogen ion concentration, and the corresponding hydrogen ion concentration that prevailed at equilibrium, their difference is established as the quantity of hydrogen ions that has been exchanged for base cations, or at the same time also as the quantity of base cations. It When
Already during the drying of the samples there occur reactions which affect the shape of the curve. It would appear most expedient to titrate the fresh samples, but it is difficult to obtain from them a homogeneous part representing the entire growth base. In order to counteract this difficulty, an attempt was made at the gathering of the samples to take samples only from such points were the peat showed the greatest possible homogeneity. Several pairs of fresh as well as dried moss and peat samples were titrated all results showing the same trend. Fig. 3 gives an example of the curve series obtained. It can be seen that the strength and exchange capacity of the acidoids has gone down slightly under the effect of drying and that the differences have increased with an increasing pH. On the other hand the mutual relations of the moss and peat samples did not undergo any noteworthy changes due to the drying of the samples. It is therefore of no great concern from the viewpoint of this investigation whether the titration is carried out with fresh or dried samples, since similar results are obtained in both instances. The majority of the samples were titrated in the fresh state and, for the sake of control, frequently in the dried state as well.
The side reactions occurring during titration prove to be a great nuisance in their effect upon the shape of the titration curve, causing considerable sources of error. The longer the duration of titration, the greater is also the influence of the side reactions. It would thus be most advantageous to perform the titration as quickly as possible. On the other hand the titration has to be carried out at a rate slow enough to allow for the exchange reactions. Several titrations were performed at varying rates in order to find the most favourable rate of titration. Equal quantities of the substance to be titrated were weighed into several flasks and increasing quantities of NaOH were added. The first pH reading was made 3 minutes after the base addition and subsequent readings at certain intervals, at which the flasks were shaken. Fig. 4 shows one of the curve series obtained in this manner. It can be seen that the titration curves become less steep with a decreasing rate of titration. The higher the initial pH, the greater is also the descent of the reaction. The phenomenon may be due, for instance, to the oxydation of weak phenolic hydroxyl groups into strong carboxyl groups (Mattson 1942) , or also to the activation of the carboxyl groups liberated as a result of ester saponification (Keller and Deuel 1957) .
It can be seen from Fig. 4 that the titration curves begin to diverge approximately only above pH 4. This is probably attributable to the fact that below the said reaction there occurs only cation exchange, which takes place rapidly, and the side reactions do not begin to affect the course of titration until above pH 4 . In order to minimize the disturbing influence from the side reactions, the titrations reported in this work were performed in the rapid modification. The readings were made 3 minutes after the addition of base.
In addition to the total base content (S r ), also the ash alkalinity (S a ) has been 111 determined as the HCI titration result of the ashes suspended in ammonium acetate. This quantity is approximately equivalent to the combined quantity of exchangeable strong base cations (13) .
Results
For the determination of the base equilibrium of mosses and their substrates, about 60 pairs of moss and peat samples were investigated. The material had been collected in various parts of the country from as many different bog types as possible. In the material the trophicity series of quality classes of 1 to 10 and a growth substrate moisture series from »rimpi» bogs to the driest raised bogs were represented. Particular pains were taken to select such objects where the peat would be as highly humified as possible and where it would consist mainly of the residues of other plant species rather than the moss species under investigation. In the following only a few examples of the relatively extensive material of investigation will be presented. This is also considered sufficient, the majority of the samples in the entire material yielding the same result. Fig. 5 shows a highly typical result of investigation representing watery, oligotrophic bog types. The samples S. cuspidatum and Scheuzeria-Sphagnum peat have been taken from a sedge bog growing Scheuzeria. A study of the curves in Fig. 5 reveals their great resemblance to the titration curves of dibasic weak acids. The hydrogen ions of the first phase of dissociation are probably hydrogen ions dissociated by the carboxyl groups. In this investigation the study has been limited to the first phase of dissociation since under the conditions of reaction prevailing in the bog only this phase has immediate significance in the cation uptake of the mosses. In order to express the strength of the colloidal acids in question, the dissociation constants were calculated for the material of investigation. With a few exceptions they were of the order of magnitude of K t 5 that moss and peat are approximately matched in this respect, although moss is a slightly stronger competitor than peat. If bases are now introduced into this imaginary growth substrate saturated with hydrogen ions, the moss should retain them in a slightly higher proportion than the peat, owing to the higher hydrogen ion concentration of the moss. It can indeed be seen from the titration curves of the samples in their natural state that in a state of equilibrium both curves run quite closely together.
As a basis of the titration curves the dry matter weights of moss as well as of peat were used in the calculations. If both proved to have the same degree of moisture and the hydrogen ion concentrations were sufficiently accurate approximations of their activities, it would be possible, by means of Nernst's formula, to calculate the potential difference between moss and peat on the basis of the curves. According to Fig. 5 there is scarcely any potential difference at all in the state of equilibrium. In practice this implies that the transfer of bases from the peat into the moss is rather slow, and thus the growth of the moss plant is also very slow.
In the following compilation, the base contents (in me/ 100 g) of the moss and peat from the preceding example are given as total base contents (S T ) and as ash alkalinity (S n ). The compilation reveals that both base forms are about equal in quantity. Only the peat shows a slight deviation, probably caused by iron and aluminium occurring in an exchangeable form. However, the difference was slightly bigger in a larger part of the investigated material, particularly as regards peat, and this is probably primarily due to the reason already mentioned.
As an opposite to the bog type discussed above, the oligotrophic sedge bog, one may consider the pine bog of fen type. The titration curves of S. Warnstorfianum and of forest peat taken from this bog type are persented in Fig. 6 Fig. 7 shows the titration curves of S. subfulvum and of sedge peat, taken from a mesotrophic »rimpi» bog. A peculiarity of this instance is the considerably greater strength of the acidoids in the moss as compared with those of its growth base. The logical consequence should be that the moss has to be able to absorb relatively large quantities of bases from a substrate comparatively poor in bases. This has indeed occurred, as can be seen from the compilation below, and it explains why the base content of sedge-dominated peats is lower than expected in view of the trophicity (13 In the manner described above, the potential difference (E) between moss and peat is found to be 10 mV in the case of the mesotrophic »rimpi» bog, which is considerably lower than for the pine bog of fen type but still of another order of magnitude than for the oligotrophic sedge bog, where the potential difference was almost zero.
The spruce-hardwoods peat moor type of South-Finland, the Myrtillus sprucehardwoods peat moor, is represented by the curves in Fig. 8 . Here the acidoids of the peat are exceptionally strong (Kj =2,2 x 1(T 3 ), which is obviously due to the high lignin content of the peat containing wood residues in abundance. Unusually strong are also the acidoids of the moss, S. Girgensohnii (Kj = 2,0 X 10" 3 ).
The potential difference between moss and peat is found to be 8 mV in this case and the base contents are; S. subfulvum with its potential difference of 10 mV has been able to absorb from its growth base relatively much greater quantities of bases than S. Girgensohnii, which displays a potential difference of 8 mV. As has been pointed out before, this is caused by the different strengths of the acidoids in the moss and in its substrate. Another contributory factor is obviously the fact that the cations are better able to move in wet peat and are therefore more easily available than in fairly dry peat.
One of the points that caused this investigation to be undertaken was the quession: Why do different moss species thrive on different growth bases? It was assumed that the growth base is determined in the first place according to the strength of the acidoids. For instance, it was assumed that S. Warnstorfianum thrives only fn a slightly acid substrate since its acidoids are weaker than, e.g., those of S. tuscum, which favours an acid growth base. The stronger the acidoids of a moss, the more strongly acid should, theoretically, be the growth from which it is able to extract all required bases. However, the results of the investigation reveal that the acidoids of all Sphagnum species are approximately equal in strength.
Another reason for the varying growth site requirements of the different Sphagnum species can be thought to lie in their different base contents. For instance, according to certain material (11) the quantity of exchangeable bases in S. Warnstorfianum was twice that of S. fuscum. S. fuscum is thus able to obtain its required bases from a more strongly acid growth base poor in bases. With an increasing base content of the substrate and at the same time an increasing pH, the potential difference between moss and peat also increases, forcing progressively new bases to pass over from the peat into the moss. Before long this results in the unnaturally high base content of S. fuscum. According to the optimum law of growth the base optimum has by then already been passed and the bases begin to have a detrimental effect upon the growth of S. fuscum.
S. fuscum favours dry and acid growth bases although it may sometimes grow on a slightly acid substrate provided that it is dry enough. On hummocks and other slighter elevations it grows frequently also on a entrophic bog type but in such cases its substrate is more acid than the rest of the surroundings.
In gathering the material of the investigation such spots in particular were sought, where S. fuscum would grow' on a base as rich in bases as possible, with the purpose of finding out how the base content of S. fuscum is affected by high base content of the substrate. A place was indeed found where the moss grew on a substrate with a very high base content, together with S. Warnstorfianum. The titration curves of S. fuscum and Warnstorfianum and of the underlying peat are shown in Fig. 9, while It can be seen from this compilation that the parts of the moss farther removed from the growth base have a distinctly lower base content than the parts closer to the substrate. This is well compatible with the assumption that the bases may travel according to the principle of cation exchange in the direction of the existing potential difference.
Discussion
The results derived from the titration curves presented in the foregoing are in agreement with the working hypothesis. The bases show a distribution between peat and moss in approximately the proportions which should obtain according to the principle of cation exchange. In watery bog types, where the cations are easily able to move owing to the presence of water, the titration curves of peat and moss in their natural state are almost coincidental. In addition to oligotrophic bogs (Fig. 5 ) this has been true as a rule although there have been exceptions with regard to eutrophic, wet bogs such as, e.g., the Warnstorfianum fens. The material of investigation contained a number of samples taken from bogs of the last-mentioned type although no example of them has been given in detail. The attainment of cation equilibrium between peat and moss is promoted, except by the mobility of the cations, also by the fact that in such bog types the mosses are often submerged in water for a considerable part of their extension. The moss plants are then able to adsorb cations from the bog water with the aid of all their immersed parts in the same manner as the peat. Consequently no very great potential difference can come into being between the moss and the peat.
The present material of investigation seems to indicate that the potential difference between moss and peat would increase both with increasing dryness of the growth base and with its increasing trophicity. Drying naturally slows down the cation migration so that the potential difference cannot be equalized as rapidly as in the case of a watery substrate. With increasing trophicity on a fairly dry substrate the growth of the plant obviously produces new acidoids at such a high rate that it is able to raise the potential difference between the peat and the moss.
It has been noted above that the difference S r -S a is greater in the peat than in the mosses. This difference has been attributed to exchangeable iron and aluminium, which would thus occur in a greater quantity in the peat than in the mosses. The exchangeable calcium, magnesium and potassium were also determined in the investigation; it was found that the exchangeable calcium quantities of moss and peat have approximately the same proportions as their ash alkalinities. The exchangeable magnesium quantities are approximately equal. On the other hand the quantity of exchangeable potassium in the moss has as a rule been about 5 to 20 times that of the peat (3). Thus, the trend of the phenomenon seems to indicate that peat and moss retain bivalent cations with about equal efficiency, whereas moss is more efficient in retaining monovalent and peat in retaining trivalent cations.
The phenomenon might be thought to be due to selective adsorption. Some experiments were performed in view of this in the laboratory with dried, finely ground moss and peat samples. It was found that at least in regard to monovalent and bivalent ions no selective adsoprtion equivalent with conditions in nature could be established. On looking for a reason to account for the selective adsorption occurring in natural conditions, one's attention is primarily drawn to the fact that in nature the adsorptive action of the mosses is limited to their parts in contact with the peat. The retained cations are therefore forced to travel in the colloidal moss system into the upper parts of the plant. It is then quite possible that monovalent ions with their small water envelope are able to move more easily in the said system than bivalent, strongly hydrated ions, which, in turn, would find it easier than the trivalent iron and aluminium ions. It is thus possible that the internal colloidal system of the moss plant favours the enrichment in itself of monovalent cations.
The calculated potential difference existing between the moss and the peat has naturally the character of a mean potential difference since it has been determined from bulk samples and not only from the boundary membranes between peat and moss. There is reason to assume that the potential with reference to the growth base increases from the boundary surfaces towards the points of growth. This thought has been substantiated by several analyses, one of which has been presented in the foregoing.
The vascular bundle of the stem lacking in Sphagnum mosses is replaced by the pith tissue, which is assumed to be serving as a nutrition transport medium. The stems have not been analysed in more detail in this investigation, so much was, however, done that their colloidal structure could be concluded to be approximately the same as that of the other parts of the moss. It is thus difficult to conceive that the cations might be able to travel freely with water through the colloidal pith tissue containing active hydrogen ions. It would be simpler to assume that the cations migrate from the growth base towards the points of growth, forced by the electrical potential difference, as a slow but continuous flow in accordance with the increment growth of the moss plant. Consequently, the migration of the cations would be independent of the flowing of water in the mosses. We know, for instance, that there are raised bogs in Finland with a nearly unhumified peat layer made up of S. fuscum of a thickness as great as 30 ft. (Oral report by Dr. V. Okko); in such layers the water is not able to travel, and the mosses growing on the outer surface derive their required moisture from the atmosphere. In spite of this they would be able, in accordance with the theory presented here, to obtain cations from the deeper parts of the bog, these cations travelling, forced by the potential difference, in the raw peat in stationary water.
The potential differences stated above have been calculated with the dry matter weights as a basis. In natural conditions the water content is not the same in the moss and in its growth base. A change of water content also affects the potential difference. Moreover, we do not know the volumes of the micellar solutions nor the activities of the ions. The potential difference has been calculated from the titration curves at the reaction which was measured in the laboratory from the water suspension of the fresh samples. This pH may be slightly different from the reaction that prevailed under natural conditions. All these factors have an influence upon the potential difference. The calculated potential differences can therefore only be considered to represent crude approximations of the actual values.
u m mar y
In the present investigation the cation uptake mechanism of Sphagnum mosses has been dealt with and a theory relating to it has been developed. In brief, the theory is as follows. In the points of growth of the Sphagnum mosses colloidal acids saturated with hydrogen ions, so-called acidoids, are continuosly formed. They produce an electrical potential difference between the moss and its growth base. The potential difference with reference to the growth base increases from the boundary surfaces between moss and peat towards the points of growth. This potential difference forces the base cations to pass over from the peat into the moss plant in the direction of the potential and at a rate controlled by it. In the investigation this potential difference has been determined experimentally with the aid of Nernst's formula.
